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Abstract

An observational study was performed in the central Southern California Bight in Spring 2010 to under-

stand the relationship between seasonal spring phytoplankton blooms and coastal processes that included

nutrient input from upwelling, wastewater effluent plumes, and other processes. Multi-month Webb Slocum

glider deployments combined with MBARI environmental sample processors (ESPs), weekly pier sampling,

and ocean color data provided a multidimensional characterization of the development and evolution of

harmful algal blooms (HABs). Results from the glider and ESP observations demonstrated that blooms of

toxic Pseudo-nitzschia sp. can develop offshore and subsurface prior to their manifestation in the surface layer

and/or near the coast. A significant outbreak and surface manifestation of the blooms coincided with periods

of upwelling, or other processes that caused shallowing of the pycnocline and subsurface chlorophyll maxi-

mum. Our results indicate that subsurface populations can be an important source for “seeding” surface

Pseudo-nitzschia HAB events in southern California.

Coastal continental shelf regions are areas of high ocean

primary production and efficient energy transfer to higher

trophic levels, contributing to their ecological and economi-

cal value. These shelf regions are also vulnerable to harmful

algal blooms (HABs), which are defined as significant

increases in phytoplankton biomass with harmful conse-

quences such as toxin production or the accumulation of

biomass that negatively impacts food-web dynamics and eco-

system structure. Globally, the occurrence of HABs has been

increasing for decades accompanied by longer bloom dura-

tion and increased toxicity (e.g., Hallegraeff 1993). The dia-

tom Pseudo-nitzschia, a predominant HAB genus of concern,

produces the neurotoxin domoic acid (DA) that threatens

the health of humans and wildlife from invertebrates to

marine mammals and birds. Further details on Pseudo-nitz-

schia, including its physiology, toxicity, and global impacts

of toxic events, have been thoroughly summarized in

reviews by Anderson et al. (2012), Lelong et al. (2012), and

Trainer et al. (2012).

The negative ecological and economic impacts of HABs

have resulted in a desire for increased understanding of the

physical, chemical, and biological variables influencing their

success in natural phytoplankton communities. Many HAB

events are studied opportunistically or have limited synoptic

sampling, resulting in an inability to resolve the bloom ini-

tiation and subsequent evolution. In addition, HAB research

often relies on remote sensing and surface sampling and,

therefore, limits observations to the near-surface region. A

fundamental drawback of this approach is that it visualizes

only a fraction of the water column and the euphotic zone.

In the Southern California Bight (SCB), much focus has been

given to the upwelling nutrient dynamics influence on HABs

(Kudela et al. 2005, 2010; Pitcher et al. 2010). A variety of

predictive models that typically rely on nutrient concentra-

tions and ratios, temperature, mixed layer depth, and stratifi-

cation strength have been developed to better understand

the conditions under which Pseudo-nitzschia blooms develop,

but these models have had limited predictive power (e.g.,

Lane et al. 2009; Anderson et al. 2011). The models often

focus on the availability of upwelled nutrients in surface

waters to support growth and accumulation of the surface*Correspondence: seegers@usc.edu
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phytoplankton community into blooms. The models tend to

overlook subsurface phytoplankton communities that are

upwelled along with the nutrients into the surface layer and

affect surface plankton community composition and bloom

initiation. Unfortunately, much of the subsurface structure

and dynamics are often missed by standard monitoring

methods.

Studies have shown that HABs can be entrained into sur-

face water masses that can advect cells great distances both

along shore and cross-shelf. Trainer et al. (2002) and Mac-

Fadyen et al. (2008) documented this transport of Pseudo-

nitzschia and its impact on coastal waters along the Wash-

ington coast. More recently, the importance of subsurface

thin layers as a source for surface HAB events was hypothe-

sized as an explanation for the sudden appearance of HAB

species and events (Rines et al. 2002; McManus et al. 2008).

Tilstone et al. (2000) showed that Iberian upwelling could

transport diatoms on the shelf and Crespo et al. (2007) sug-

gested that surface currents could then transport the dia-

toms. Field observations have shown the potential

importance of upwelling transport of subsurface dinoflagel-

late populations to initiate and maintain surface blooms

(e.g., Tyler and Seliger 1978; Pitcher et al. 1998, 2010). Mod-

eling results have also shown wind-driven subsurface Ekman

flow could move subsurface phytoplankton population into

surface layers initiating blooms (Janowitz and Kamykowski

2006), yet these types of movements and initiation events

have been unobserved for diatoms.

The goal of this effort was to better understand the

onset and connections between subsurface and surface

blooms of the toxic diatom, Pseudo-nitzschia, off the south-

ern California coast. Toxic blooms of Pseudo-nitzschia are a

recurring problem in this area with some of the highest DA

concentrations per cell reported for natural populations

(Schnetzer et al. 2007, 2013). San Pedro Bay, in the central

SCB, is strongly influenced by both anthropogenic urban

inputs and coastal upwelling, both of which can contribute

to phytoplankton blooms and HAB events. Major sources

of anthropogenic nutrients in this region include two

ocean outfall diffusers operated by the Orange County San-

itation District (OCSD) and the Los Angeles County Sanita-

tion District and three channelized riverine sources (Los

Angeles River, San Gabriel River, Santa Ana River). Waste-

water effluent from the subsurface outfalls contains con-

centrations of nitrogen and phosphorus that are up to

three orders of magnitude greater than maximal ambient

nutrient concentrations, and the buoyant effluent plumes

also entrain deeper, nutrient enriched, sub-nutricline water

as they rise to their equilibrium depth. These nutrient

fluxes contribute significantly to total nutrient budgets in

this coastal region (Howard et al. 2014), and therefore,

may contribute to the growth of subsurface populations of

Pseudo-nitzschia.

This project combined multi-month glider deployments,

mooring and pier phytoplankton community composition

and temperature data, and remotely sensed satellite ocean

color and temperature data, which allowed for the monitoring

of conditions associated with the evolution of a Pseudo-nitz-

schia bloom from onset to demise. The moored environmental

sample processors (ESPs) confirmed an offshore subsurface

population of Pseudo-nitzschia and the glider data showed that

upwelling moved the subsurface plankton communities into

the surface waters, which resulted in a Pseudo-nitzschia bloom

and demonstrated for the first time that upwelled subsurface

phytoplankton populations can initiate HABs in the region.

Methods

The study was conducted in the central SCB with a focus

on the San Pedro Channel, near the Los Angeles Harbor (Fig.

1). The San Pedro Channel provides us with a unique envi-

ronment to study the seasonal variation in phytoplankton

Fig. 1. Map of the SCB and the small rectangle marks the study area
(top). Lower planel shows the Central SCB, San Pedro Channel, with

locations of the glider track indicated by the dashed line pattern, the
MBARI EPS mooring locations by the gray circles, the Newport Pier by
the gray star, and the OCSD outfall pipe north by the dash-dot lines.

The letters (A–F) on the glider pattern indicate turning points and are
used to clarify glider transect locations throughout the manuscript.
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blooms related to a variety of processes including nutrient

inputs from coastal upwelling, river runoff, and treated sew-

age effluent plumes, and other coastal processes.

Equipment and sampling

Webb Slocum Glider

A major goal of the research was to observe the coastal

ocean before, during, and after HAB events with a particular

focus on signs of HAB population advection into the surface

water from the subsurface. Webb Slocum G1 shallow-water

gliders were used to provide spatial mapping of key variables

over an extended period of time, and data transferred from

the gliders were used in the decisional process for triggering

opportunistic sampling (e.g., ship sampling). A glider was

deployed continuously during the spring of 2010 from late

February through mid-June, a time window when upwelling

tends to be most intense in the region. The glider ran a zigzag

pattern in the San Pedro Bay on and off the shelf (Fig. 1). The

glider dove in a sawtooth pattern three meters from the sur-

face to four meters from the bottom on the shelf or to a depth

of 100 m off the shelf. The glider was equipped with a Sea-

Bird conductivity-temperature-depth sensor (SBE-41cp CTD),

a GPS, Iridium communications enabling daily data transmis-

sion, and WET labs ECO pucks optical instruments. The opti-

cal sensors included three fluorometers with excitation/

emission channels that measured chlorophyll a (Chl a)

(470 nm/695 nm), colored dissolved organic matter (370 nm/

460 nm) and phycoerythrin/ rhodamine (540 nm/570 nm),

and an optical backscatter sensor at three wavelengths.

The glider recoveries occurred approximately every three

weeks throughout the deployment period and were based

from the University of Southern California’s Wrigley Insti-

tute for Environmental Studies on Catalina Island, where

cleaning, calibrations, and battery change could occur

quickly, thereby minimizing data gaps. The frequent recov-

ery and maintenance helped to reduce biofouling on the

sensors. The glider chlorophyll fluorometer was calibrated

pre- and post-deployment using a serial dilution of a local

mixture of cultured phytoplankton species (Cetinić et al.

2009). These measurements allowed us to monitor for long-

term stability of the sensors and for effects of biofouling. A

mix culture calibration does not ensure a representative

chlorophyll concentration for all in situ phytoplankton com-

munities encountered but was implemented to help reduce

any biases. Glider chlorophyll concentrations often show a

diel cycle mainly in the surface 4 m to 20 m (Davis et al.

2008), which is largely attributed to nonphotochemical

quenching (Kiefer 1973). No corrections were made for

quenching, because we were more interested in temporal

and spatial patterns than the exact chlorophyll concentra-

tion and the values reported should only be considered very

approximate values.

The glider did not have nutrient sensors, but nutrients

and temperature are well correlated in the SCB and the

nutricline in the southern California region has long been

associated approximately with the 13�C isotherm (Armstrong

and LaFond 1966). Therefore, we used temperature to

roughly estimate the depth of the nutricline in the water

column. Additionally, the temperature proxy can be used as

an indicator for the appearance of nutrient-rich upwelled

waters shoaling into the surface layer. Regional and

seasonal-specific temperature to nutrient relationships have

been developed using the nutrient data set from CalCOFI’s

(California Cooperative Oceanic Fisheries Investigations)

southern California seasonal transects (Todd et al. 2009;

Lucas et al. 2011). We used the CalCOFI 2010 winter and

spring cruise data from the San Pedro Bay study region to

develop a 2010 specific nutrient and temperature relation-

ship for the glider deployments. Temperature was used as

opposed to density as a nutrient proxy, because some of the

analyzed data sets had only temperature available.

Barnacle domoic acid

Gooseneck barnacles (order Pedunculata) often covered

the glider following three or more weeks of deployment.

These barnacles were collected and stored in FalconVR tubes

at 220�C until analyzed for DA by enzyme-linked immuno-

sorbent assay (ELISA) by Mercury Science (Durham, NC). A

minimum of one gram of whole barnacles were sonicated in

3 mL of 10% methanol until the body tissues were liquefied,

typically between 30 s and 60 s. Samples were centrifuged

for 10 min at 4000 rpm, the supernatant was diluted with

the sample dilution buffer provided by the manufacturer

and the resulting detection limit was 0.005 lg domoic acid/g

body weight. The accuracy of the ELISA for DA analysis in

shellfish tissues has been validated and the assay gives results

equivalent to those acquired by standard high performance

liquid chromatography (Litaker et al. 2008).

Environmental sample processors (ESPs)

Two ESPs were deployed at fixed points in the San Pedro

Channel from 2 April to 28 April for in situ measurements of

temperature, potentially toxic algal species and concentra-

tions of particulate DA (Fig. 1). The ESP is an electro-

mechanical device that filters seawater and either archives

the filtrate for later analysis, or performs a variety of analyti-

cal tests on board the instrument. For this deployment, the

instruments were configured to detect several species of

Pseudo-nitzschia and other HAB targets groups using DNA

probes targeted to sequences in the large subunit of the ribo-

somal gene (Scholin et al. 1997; Greenfield et al. 2006). The

probes work via a sandwich hybridization array (SHA), result-

ing in spots of varying intensity depending on target con-

centration. The presence and relative abundances of HAB

species were estimated from the intensity of probe spots on

a filter membrane relative to filter background as measured

by a charge coupled device (CCD) camera (Greenfield et al.

2008). In this deployment, we were unable to create stand-

ard curves that would assign cell abundances to spot
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intensity and, thus, report only trends in diatom abundan-

ces. DA concentrations on the ESPs were measured through-

out the deployment by competitive ELISA (Doucette 2009).

The ESPS were also equipped with a CTD. The ESP’s were

moored near the glider transect off of Huntington Beach sus-

pended at an average depth of � 17 m in an attempt to sam-

ple the subsurface chlorophyll maximum. One ESP

(“ESPnearshore”) was moored 4 km from shore at the 30 m

isobaths (33�36.373’N, 118�1.284’W). The second ESP

(“ESPoffshore”) was placed 7 km from shore at the 60 m iso-

bath (33�35.125’N, 118�2.248’W) (Fig. 1).

Moderate Resolution Imaging Spectroradiometer

(MODIS)

Level 3 Aqua MODIS sea surface temperature (SST) and

chl a concentration data with 0.0125� pixel resolution

obtained from the West Coast Regional Node of National

Oceanic and Atmospheric Administration (NOAA) Coast-

Watch were analyzed throughout the glider deployment to

monitor for surface manifestations of algal blooms. Linking

these data from near-surface measurements (provided by sat-

ellite imagery) and subsurface measurements (provided by

gliders) provided a three-dimensional perspective of bloom

development, propagation, and density.

Newport pier surface data

The data collected during this project was enriched with

data from the Southern California Coastal Ocean Observing

System (SCCOOS). SCCOOS provides a weekly service of

HAB species sampling from six piers including Newport Pier

in our sampling area. The weekly Pseudo-nitzschia counts are

separated into Pseudo-nitzschia delicatissima and seriata

groups and we report the total Pseudo-nitzschia abundance.

This ongoing pier monitoring (www.sccoos.org) encom-

passed several variables including HAB species, discrete sur-

face chlorophyll concentration, discrete surface particulate

DA (pDA) with a limit of detection of 0.1 lg L21 and contin-

uous temperature.

Upwelling index

Conditions conducive to coastal upwelling in the region

were monitored using the Pacific Fisheries Environmental

Laboratory (PFEL) upwelling index (UI) calculated from the

intensity of upwelling-favorable wind for the southern Cali-

fornia location at 33�N, 119�W, approximately 100 km off-

shore to the southwest from the study area, and data were

obtained from PFEL website (http://www.pfeg.noaa.gov/).

The offshore water transport estimates (m23 s21 per 100 m

of coastline) were calculated every six hours and daily aver-

aged UI were available.

Results

The CalCOFI 2010 winter and spring nutrient data over-

lapped with the glider deployment revealing that there was a

steady increase in nitrate and phosphate concentrations

with decreasing temperature starting at 13.5�C (Fig. 2). The

2010 seasonal-specific information was used to confirm the

appropriateness of the 13.5�C isotherm to estimate the nutri-

cline depth and to roughly approximate the initial appear-

ance of shoaling nutrient-rich waters into the surface layer.

Compared with other reported observations from the

region (Schnetzer et al. 2007, 2013), the 2010 spring deploy-

ment season was a relatively uneventful HAB year in the

SCB (Seubert et al. 2013). However, a large Pseudo-nitzschia

bloom followed a pair of two-day upwelling events that

occurred five days apart in late April. The first upwelling epi-

sode occurred on 20 April and 21 April, when the daily UI

rose above 300 m23 s21 per 100 m of coastline. A five-day

lull in the winds from 22 April to 27 April followed, when

the UI dropped to 2 m23 s21 per 100 m of coastline before

upwelling-favorable winds returned on 28 April, when the

UI again rose to more than 300 m23 s21 per 100 m of coast-

line. Surface temperatures at Newport Pier responded to the

upwelling-favorable conditions with a corresponding

decrease from near 18�C on 17 April to below 13�C on 22

April followed by a brief warming after which temperatures

again decreased below 13�C on 30 April (Fig. 3). Surface

chlorophyll concentrations at the Newport Beach Pier

increased from 1 lg L21 on 12 April to 11.4 lg L21 on 26

April (not shown), and the total Pseudo-nitzschia abundance

increased from undetected prior to the wind event to 1.30 3

104 cells L21 on 26 April and increased to nearly 2.80 3 104

cells L21 a week later on 3 May (Fig. 3).

The two ESPs detected cooling of the surface waters due

to the 20 April upwelling event along with an increase in P.

multiseries/pseudodelicatissima probe signal (Fig. 3). At the

Fig. 2. The temeperature vs. PO4 and NO3 concentrations from the

2010 CalCOFI winter and spring cruises data sets in the Central SCB.
The solid, vertical black line indicates 13.5�C.
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onset of upwelling, the ESPs were moored just above the sub-

surface chlorophyll maximum based on glider and boat

observations. Although suspended at the same depth and

moored only three kilometers apart, the two ESPs experi-

enced the upwelling response at distinctly different times, as

indicated by the temporal patterns of temperature and

Pseudo-nitzschia counts. ESPnearshore, four kilometers from

shore, experienced a sharp decrease in temperature from

15.5�C to<12�C on 20 April and began to warm on 23 April

as the upwelling relaxed (Fig. 3). Pseudo-nitzschia was not

observed at ESPnearshore until after the upwelling on 25

April and the population showed a steady increase until the

ESPs were removed on 28 April. ESPoffshore experienced a

shorter period of cooling and the temperature dipped below

12�C only for only a single day on 21 April (Fig. 3). The

appearance of P. multiseries/pseudodelicatissima coincided

with the initial cooling at ESPoffshore on 21 April and stead-

ily increased until the ESP stopped sampling on 24 April

(Fig. 3).

The glider was removed 19 April to 23 April for calibra-

tions and, therefore, glider data begins on 23 April and cap-

tures the second late-April upwelling event (Fig. 4). The

glider observations show upward tilting of isotherms (Fig.

4A) and chlorophyll isopleths (Fig. 4B) toward the coast and

into the surface waters revealing connectivity between the

subsurface and surface communities. The 13.5�C isotherm

indicating the estimated temperature intercept for the top of

the nutricline reached the surface accompanied by elevated

chlorophyll and the elevated chlorophyll was sustained in

the surface layer (Fig. 4D). The upwelling event marked by

the tipping isotherms was short lived and gliders observed

subsequent shoreward advection of the 13.5�C isotherm and

sinking of the nearshore chlorophyll maximum on 3 May,

which led to the reestablishment of a subsurface chlorophyll

maximum where the subsurface chlorophyll concentration

was higher after the upwelling event than prior to the event

(Fig. 4E,D). The glider data revealed significant temporal and

spatial complexity including the occurrence of internal

waves affecting cross-shelf patterns (not shown). The glider

observations demonstrated continuity between the subsur-

face and surface layers during the upwelling event and subse-

quent relaxation (Fig. 4).

The three glider deployments provided sufficient barnacle

biomass from the glider exterior for measurements of DA in

the barnacle tissue. The barnacle tissue always tested positive

for DA ranging from 0.32 lg g21 to 1.75 lg g21 (Table 1).

The harvested glider barnacles tested positive for DA even

when the weekly nearshore pier surface samples detected no

DA or Pseudo-nitzschia.

MODIS SST and chlorophyll images show regional

change associated with the late April upwelling event. On

19 April, SST in the San Pedro Channel ranged from 16�C

to 17�C (Fig. 5A) and elevated chlorophyll concentrations

ranging from 2 lg L21 to10 lg L21 were found within two

kilometers of the coast (Fig. 5B). On 24 April, the regional

SST had cooled 1�C to 3�C with the most dramatic cooling

nearshore where temperatures had dropped to 13.5�C due

to upwelling (Fig. 5C). MODIS chlorophyll imagery provides

an effective view of the spatial extent of surface phyto-

plankton concentrations. Chlorophyll concentrations on 24

April were greater than 10 lg L21 throughout the nearshore

region (Fig. 5D). Both the glider chlorophyll fluorescence

Fig. 3. The times series of Newport Pier automated pier station surface temperature and subsurface ESP CTD temperature data. The 13.5�C is indi-
cated by the horizontal dashed line. Pseudo-nitzschia abundances from discrete weekly surface samples at Newport Pier are shown separated into

seriata class and delicatissima class. The ESP SHA probes produced CCD values for combined P. multiseries/pseudodelicatissima and P. australis relative
abundance at ESPnearshore and ESPoffshore. All Pseudo-nitzschia abundances are below detection 18 April.
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and satellite chlorophyll show elevated surface chlorophyll

concentrations close to the coast. The combined images

demonstrate continuity between the high chlorophyll

region at the surface close to the coast and deepening into

the subsurface chlorophyll maximum away from the coast.

The combined glider and MODIS chlorophyll pattern veri-

fied that the high nearshore MODIS chlorophyll was not an

artifact resulting from either elevated suspended particle

concentrations that characterize Case 2 waters, or land

effects (Fig. 5E).

Fig. 4. San Pedro Bay regional glider time series showing (A, C, E) temperature and (B, D, F) chlorophyll fluorescence from 23 April to 7
May. For each time period, the top image in each panel shows the curtian plot of the region and the lower image is the southernmost

transect rotated to display as a flat section (line EF details Fig. 1). The white line is the 13.5�C isotherm, a proxy for the top of the nutri-
cline. The tan areas indicate bottom topography. The red lines extending along the bottom from the coast show the location of the
OCSD outfall pipe.
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Discussion

The development, establishment, and dissipation of a

HAB event were observed through a combination of glider

observations, pier sampling, ESPs, and satellite ocean color

imagery. The continuity between the subsurface phytoplank-

ton community and the surface community during an

upwelling event suggests that upwelling both transported

nutrient-rich waters and seeded HAB populations into the

surface waters, resulting in an intensified and sustained

bloom event.

A bloom resulting from a nutrient-rich upwelling event is

not surprising, but the demonstrated subsurface phytoplank-

ton population seeding of a surface bloom was new. Seasonal

upwelling brings deep nutrient-rich waters to the surface

waters providing nutrients to support blooms. Nutrients

must be available to support high levels of primary produc-

tion that support HABs, but nutrients alone do not tell the

story. Our results revealed a direct connection between sub-

surface and surface populations at the time of the

Table 1. DA concentrations from barnacles collected from the
exterior of the glider throughout glider deployments.

Deployment—

Recovery Date

Barnacles

weight (g)

Barnacle tissue

DA concentration

(lg g21) 6 sd

24 March–19 April 2.16 (2 samples) 0.3260.05

23 April–19 May 1.80 (1 sample) 1.75

24 May–17 June 0.32 (1 sample) 0.44

Fig. 5. MODIS images of SST (A, C) and chl a (D, E) from San Pedro Bay for 19 April and 24 April. The glider track and the OCSD outfall are indi-
cated by dashed black lines, black dots indicate ESP mooring locations and the Newport Pier is indicated by the star symbol. (Details in Fig. 1). Panel
E shows the MODIS chlorophyll image overlaid three-dimensionally on the southernmost glider transect, line E–F, from 27 April demonstrating the

continuity between subsurface and surface phytoplankton communities, as well as the consistency between and in situ and remotely sensed
chlorophyll.
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appearance of the surface bloom, indicating that subsurface

populations could influence surface community composition

by seeding the surface outbreaks. The existence of a subsur-

face offshore Pseudo-nitzschia population was confirmed by

the ESP results and the connection of the subsurface phyto-

plankton populations to the surface was shown by the glider

observations.

The initiation of the observed surface bloom event

through advection is further supported, because the rate of

population increase of Pseudo-nitzschia was much greater

than could be explained solely by cell division. If the bloom

was simply a growth rate response to the influx of nutrient-

rich upwelled waters on 23 April, then a growth rate of

about 1.8 day21, which exceeds maximum observed growth

rates in the region, would be necessary to increase the

Pseudo-nitzschia surface population in four days from below

the detection limit of 2600 cells L21 to the observed 1.4 3

105 cells L21 for Pseudo-nitzschia seriata and delicatissima

classes combined on 26 April. The species P. multiseries and

P. australis, common along the California coast, have

reported growth rates for cultures of 0.3-0.9 day21 depending

on species, strain, light intensity, and nitrogen source (Hille-

brand and Sommer 1996; Howard et al. 2007; Auro and

Cochlan 2013). Reported growth rates of natural populations

during short incubations are from 0.88 day21 to 1.19 day21

(Howard et al. 2007). Therefore, growth rate alone is unlikely

to account for the quick increase in Pseudo-nitzschia

population.

DA results from the barnacles support the persistence of a

subsurface population of toxic Pseudo-nitzschia. Tissue sam-

ples from barnacles that grew on the gliders during deploy-

ments contained low levels of DA, indicative of the presence

of the Pseudo-nitzschia throughout much of the year in the

area where the glider was deployed. The barnacles harvested

from the glider contained DA even when the weekly near-

shore pier surface samples detect no DA or Pseudo-nitzschia.

Although the ELISA results do not identify exactly when and

where the DA was encountered, positive results confirmed

that during the glider deployment the barnacles encountered

DA-laden Pseudo-nitzschia.

Subsurface seeding populations influencing surface

blooms has long been theorized as an important mechanism

(Wilkerson and Dugdale 1987), but research efforts have not

focused on the subsurface seeding mechanism for initiating

Pseudo-nitzschia events. Thorough reviews of Pseudo-nitzschia

and a variety of parameters affecting Pseudo-nitzschia blooms,

growth, and toxicity by Lelong et al. (2012), Anderson et al.

(2012), Trainer et al. (2012) have noted the importance of

upwelled nutrients fueling blooms, but the role of subsurface

populations in seeding surface blooms was rarely addressed.

Yet, the evidence supporting the presence of subsurface seed-

ing populations is increasing. Pseudo-Nitzschia dominated

subsurface chlorophyll maximums (Ryan et al. 2005; Shipe

et al. 2008) and thin layers have been observed along the

California coast (e.g., McManus et al. 2008; Churnside and

Donaghay 2009). In Santa Monica Bay, California prior to a

surface bloom, Pseudo-nitzschia dominated all depths except

the surface five meters. However, two weeks later Pseudo-nitz-

schia dominated all depths with a maximum concentration

at 20 meters that indicated the subsurface population could

be particularly important (Shipe et al. 2008). Thin layers

have been implicated as an explanation for the sudden

appearance of a large HAB event as well as “cryptic blooms,”

toxicity without large increases in surface phytoplankton

(Rines et al. 2002; McManus et al. 2008).

The cross-shelf subsurface transport of phytoplankton

along shoaling isopycnals was demonstrated by the com-

bined glider and ESP observations and has been shown in

other studies to occur coastally in the SCB. Noble et al.

(2009) completed a study in the San Pedro Channel showing

cross-shelf transport of subthermocline water and dissolved

and particulate materials including phytoplankton associated

with shoaling internal tides. Lucas et al. (2011) in the SCB

demonstrated potential effects of subsurface isopycnal tilt

and thermal stratification on surface phytoplankton produc-

tivity, biomass, and community composition. Likewise, the

offshore ESP detected a subsurface population of Pseudo-nitz-

schia that steadily increased in abundance along shoaling

isopycnals prior to mixing with the nutrient-rich deep

waters, suggesting that shoaling may relieve light limitation,

possibly promoting increased subsurface phytoplankton

growth.

An important role for the seeding of surface blooms by

subsurface algal populations might also provide an explana-

tion why nutrient-rich surface run-off events have not been

strongly linked to Pseudo-nitzschia blooms along the south-

ern California coast (Anderson et al. 2009; Schnetzer et al.

2013). Surface nutrients augmented by a storm event may

support algae already present in surface waters, but would

not trigger a Pseudo-nitzschia bloom if the population is

located in deeper waters not directly coupled to the surface.

Anthropogenic inputs in the region could remain an

important HAB variable although anthropogenic nutrient

enrichment may not have directly initiated this Pseudo-nitz-

schia HAB events. Howard et al. (2014) showed that waste-

water effluent could make a significant contribution to the

total nitrogen in the San Pedro region and potentially these

effluent derived nutrients could contribute to primary pro-

duction when upwelled to surface waters. Anthropogenically

influenced nutrient regimes can affect Pseudo-nitzschia HAB

events in a variety of ways including shifting nutrient ratios

and forms (e.g., nitrate, ammonia, or urea), that may sustain

an event, shift the community species composition, or

increase the toxicity of the cells (e.g., Kudela et al. 2008;

Loureiro et al. 2009). Howard et al. (2007) have shown that

some natural assemblages of Pseudo-nitzschia can double

their DA content when utilizing urea, an indicator of eutro-

phication, as a nitrogen source as opposed to either nitrate
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or ammonium. Furthermore, anthropogenic nutrient enrich-

ment modifies the nutrient ratios within an environment,

and DA production is sensitive to shifting macronutrient

ratios (Anderson et al. 2006).

The contribution of a seed population to nearshore sur-

face blooms suggests that bloom development depends on

an upwelling event but does not ensure that every upwelling

event will lead to a bloom of Pseudo-nitzschia. A variety of

factors can influence bloom establishment such as upwelling

duration, intensity, frequency, subsurface population struc-

ture, and subsequent stratification of the water column.

Upwelling duration will influence the nutrient concentra-

tions and ratios injected into the surface waters. If the

upwelling is too intense or persistent the subsurface popula-

tions could be pushed offshore resulting in no nearshore sur-

face bloom. In the Santa Barbara Channel, Anderson et al.

(2011) observed a decoupling of nearshore and offshore HAB

events, which may be explained by prolonged upwelling-

driven offshore transport of the phytoplankton. A combina-

tion of upwelling and relaxation events has been shown to

be important in bloom establishment and the Pseudo-nitz-

schia bloom observed in this study resulted after an

upwelling-relaxation-upwelling cycle comprised of a pair of

two-day upwelling events separated by a five-day relaxation

period. Wilkerson et al. (2006) demonstrated the importance

of upwelling duration and relaxation along the California

coast and found an optimal 3-7 day window of relaxed

winds after an upwelling event to allow for chlorophyll accu-

mulation. Velo-Su�arez et al. (2010) showed the combination

of upwelling and relaxing events can also be important to

the formation and maintenance of thin layers that may serve

as incubator for HABs. Therefore, a consideration of the

duration of upwelling and the timing of a series of upwell-

ing/relaxation sequences along with water column physical

structure such as persistent stability could improve model

success in predicting Pseudo-nitzschia bloom establishment

and dynamics.

MODIS satellite remote sensing observations enabled the

extrapolation of the glider observations to regions beyond

the operational region of the gliders by providing synoptic

snapshots of the near-surface ocean on larger space and lon-

ger temporal scales (Fig. 5). Satellites have been used to mon-

itor the extent of HABs and satellite analysis is becoming an

increasing popular method for detecting blooms along the

California coast (Anderson, et al. 2009, 2011; Nezlin et al.

2012). Satellite ocean color imagery provides an estimate of

ocean near-surface chlorophyll, which can indicate bloom

occurrence. Combining glider data with satellite imagery

provides a more complete resolution of the temporal and

spatial history of HAB initiation and establishment. The off-

shore extent of the surface chlorophyll seen by the glider

aligns well with the offshore extent observed by satellite

imagery. Gliders are an effective way to expand the surface

satellite imagery to observe subsurface phytoplankton popu-

lations and their variability. In situ subsurface measurements

remain essential to fully understand the development and

evolution of phytoplankton populations.

The combined approach of using multi-month in situ

monitoring and high resolution remote sensing of SCB

coastal blooms provided unique insight into the subsurface

phytoplankton population seeding of a coastal surface

Pseudo-nitzschia HAB event. Data integration and high fre-

quency sampling greatly increase the ability to monitor

bloom development. In situ genetic sampling by the moored

ESPs verified the presences of a subsurface Pseudo-nitzschia

population. The glider observations detailed the upwelling

transport of deep nutrient-rich waters along with the subsur-

face phytoplankton communities, which resulted in a surface

Pseudo-nitzschia bloom. These results revealed for the first

time that upwelled subsurface phytoplankton populations

can initiate surface HAB expressions in the region.
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